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Fig. 3. Block diagram of apparatus for Experiment I1.
Stimuli are viewed on oscilloscope O,; horizontal defiection
of the raster is provided by O,’s internal circuitry, while the
vertical signal comes from oscilloscope O1. Both scopes are
triggered by function generator Gl. Bright dots are pro-
duced on the sereen by supplying pulses from function
generator G2 to the z-axis mput of oscilloscope 02. Mod-
ulation of the brightness is accomplished by applying a
modulating signal from (i3 (attenuated by the subject using
attenuator SA) to the voltage-controlled-amplifier (VCA)
gain input of (G2. Vertical perturbations to the raster are
provided by function generator G4, which is phase locked
to (33, and whose output amplitude is proportional to the
output of the subject’s attenuator (SA) through usc of the
wave analyser (WA), which measures the signal from SA. in
conjunction with the VCA input of GG4. (b) Typical wave-
forms (not to scale) are shown for various test points shown
in Fig. 2(a). Curve labeled “A™ is the brightness modulating
signal, a 150 Hz sin¢c wave. Curve labeled “B™ is the pulse
train whose height is modulated by signal “A”. Curve
labeled “C™ is the position perturbing signal, which is in
quadrature with signal “A™. Signal “*D” is a 50 Hz ramp
which provides vertical deflection for the raster: the absolute
amplitude of signal “ID™ is generally much greater than that

of signal “C”.

Dots were produced by sending pulses from
function generator GG2 (Waveteck model 186) to
the z-axis (brightness) input of scope O2. The
pulses were gencrated at a frequency of
115 kHz, and had a duty cycle of 0.08. The fast
(x) sawtooth was used to gate the pulses to
achieve blanking. The net result was a lattice
consisting of 31 rows, cach with 29 dots, which
filled the scope face.

Brightness modulation was produced by ap-
plying the signal from another function gener-
ator (G3) to the voltage-controlled amplifier
(VCA) input of generator G2. The frequency of
G3 was adjusted close to 150 Hz (three times the
vertical rate, so that there were three grating
cycles on the screen), but was not phase-locked
to any of the other signals. By having G3 free
running, the pattern was not stationary on the
screen over long intervals of time, but was
effectively constant during the time required to
make a single setting. The slow drift was consid-
ered desirable, as it eliminated the possibility of
local changes in the steady-state level of light
adaptation. The grating drift frequency was less
than 0.05 Hz.

Luminance calibrations were made using a
spot meter (Pritchard UBD 1/4"). Space-
average luminance was measured by defocusing
the spot meter until the (unmodulated) lattice
appearcd uniform through the viewfinder. The
luminance modulation was then calibrated by
applying a large modulating signal, and mea-
suring the luminances at the peak and trough of
the resulting grating. The variations in space-
average luminance resulting from density modu-
lation were also checked this way, although an
independent calibration of density modulation
was done simply in terms of the deflection
voltages. The space average luminance was
0.22 cd/m* corresponding to about 2 ucd per
dot.

The luminance modulation signal from G3
was passed through a variable attenuator en
route to the VCA input of G2; This attenuator
was under the control of the subject, who used
it to set thresholds using the method of adjust-
ment. The attenuator consisted of a 10-turn
linear potentiometer, cquipped with a counting
dial; the experimenter read settings directly
from the dial.

Modulation of vertical dot position was ac-
complished by adding a sinewave signal to the
vertical deflection signal. This was easily done
since oscilloscope O2 provided differential in-
puts on the vertical amplificr. The modulating
signal itself was produced by function generator
G4 (Wavetek model 186) which was phase-
locked to the luminance signal from G3. Since
density modulation is proportional to the first
spatial derivative of position modulation, the
signal from G4 had to be in quadrature with the
signal from G3 to obtain the proper phase
relation between modulations of density and
luminance.
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It was desired that subjects to be able to vary
the two modulations with a single control while
keeping them in a fixed ratio; to that end, the
amplitude of the signal from G4 was made
proportional to the luminance modulation
depth (the amplitude of the signal from G2) by
driving the VCA input of G4 (as well as G2)
from the output of G3 as attenuated by the
subject. In this case, however, what was needed
was not to control the gain with the instanta-
neous level of the signal from G3, but rather
with the amplitude of that signal. The amplitude
of the attenuated signal from G3 was therefore
measured by wave analyser WA (General Radio
model 1900), sct for a 50 Hz acceptance band-
width. The rccorder output of wave analyser
WA provided a d.c. level proportional to the
amplitude of the signal producing luminance
variation and was connccted to the VCA input
of G4. The VCA gain of G4 was set to its
maximum value, and the ratio of the two types
of modulation was adjusted using the VCA gain
control on generator G2.

Only one subject (DIAM) was run in Experi-
ment II: unfortunately, parts of the apparatus
were appropriated by other members of the
laboratory for use in other projects before addi-
tional subjects could be tested. DIAM is an
expericnced psychophysical observer with good
(uncorrected) acuity.

The display was viewed at a distance of 5 feet,
resulting in a mean dot spacing of 6 min of arc
of visual angle, a dot diameter of roughly I min
(effectively approximating a point source), and
a modulation frequency of 1¢/deg. The entire
lattice subtended a region threc degrees square,
with three cycles of the modulation visible.

Closer viewing distances were used to obtain
sparser dot densities. This had the disadvantage
of covarying modulation frequency with dot
spacing, but this was deemed unimportant, since
the intent of the experiment was not to measure
absolute sensitivitics, but rather relative sensi-
tivities to the different types of modulation. For
the coarsest lattice (48 min of arc of visual angle
spacing) in addition to using the closest viewing
distance (l4in), the horizontal and vertical
gains of scope O2 were doubled.

Results

Typical data are shown in Fig. 4. A two-
dimensional space is used to represent joint
modulation of luminance and density. In the
figure, the abscissa represents the contrast of the
applied luminance modulation, while the ordi-
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Fig. 4. Thresholds for sceing nonuniformity in a regular
lattice are plotted in a two dimensional space where the
x-axis represents contrast of luminance modulation and the
y-axis represents amplitude of density modulation (nor-
malize so an amplitude of 1 corresponds to varations from
zero density to twice the mean). The thresholds for each type
of modulation alone are approximately equal, suggesting
that a single mechanism sensitive to the amplitude of the
Fourier fundamental component of the luminance image is
responsible for the detection. In quadrants | and 3 (upper
right and lower left, respectively), where the luminances of
dots are increased in regions of increased dot density
(summation phase), thresholds are lower than for either type
of modulation alone. In quadrants 2 and 4 (upper left and
lower right, respectively), where luminance modulation
compensates for density modulation to make all dots appear
equally bright (cancellation phase), thresholds are
significantly elevated; that is, visible density modulations are
rendered invisible by the simultaneous application of lumi-
nance modulation in the opposite phase. Four points werc
measured and then reflected to show the complete threshold
contour. Dot spacing was 6 min of arc of visual angle, and
the modulation frequency was 1 ¢/deg. Error bars represent
+2 SEM, based on variability between sessions.

nate represents modulation of spacing, or den-
sity. The units of density modulation have been
chosen in the same way as for luminance, so that
a modulation of 1 corresponded to an excursion
from zero density to twice the average. For a
chosen ratio of density-to-luminance modu-
lations, adjustments of the subject’s attenuator
produced modulations which lay on straight
lines through the origin in this space.

The results shown in Fig. 4 are for a relatively
dense lattice with a dot spacing of 6 min. Four
points were measured; each has been reflected in
the figure. Several aspects are noteworthy: first,
the thresholds for luminance modulation only
and density modulation only ar¢ approximately
equal; second, when luminance and density
modulation are added in-phase (so that dots are
brighter in regions of increased density) the
combination can be seen when cach component
is at little more than half of the threshold
modulation for that component alone. Sur-
prisingly, for each of these thresholds the
nonuniformity of the lattice appcared at
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threshold as a modulation of dot brightness: the
modulation of density was not seen as such at
threshold.

The thresholds for cancellation phase (quad-
rants 2 and 4, upper left and lower right,
respectively) show that our term is an apt one:
the two types of modulation indeed appear to
cancel cach other, producing a joint threshold
that is larger than that for cither type alone. At
this threshold, the subject could not have been
detecting a Fourier component in the intensity
prolile of the whole display at the fundamental
frequency of the modulation, since there was
zero amplitude regardless of the modulation
depth. This is because the two components of
the modulation kept the Jocal space-average
luminance constant, regardless of the modu-
lation depth. In this case the subject was foreed
to detect the change in dot spacing (assuming he
could not deteet the luminance modulation
when the dots appeared equally bright). The fact
that this threshold is higher than for the other
cases shows that the spacing cue is unimportant
in determining threshold in the other conditions
where there was an actual component at the
Fourter fundamental frequency. The ratio of the
canccellation phase threshold (o the summation
phase threshold gives us an indication of the
extent of reciprocity between dot density and
luminance: a threshold ratio greater than |
indicates that there is some reciprocity of den-
sity and luminance in cancellation phase.

In the absence of any reciprocity, that is, for
a system that detects modulations of density
and luminance completely independently, we
would expect the diagonal thresholds to be all
the same. ‘The combined thresholds should ex-
hibit luminance and density components slightly
smaller than for cither type of modulation by
itself, cither as a result of probability sum-
mation, or on the basis of signal detection
theory (Green and Swets, 1974). If one assumes
that the two types of stimuli stimulate different
mechanisms, that a given stimulus  evokes
an internal response which is normally distrib-
uted about a mean value linearly related to the
stimulus level, and that the distributions for the
the two stimulus dimensions are independent of
cach other and of both stimulus levels, then it
can be shown that threshold should decrease by
a factor of the square root of two when the two
types ol modulation arc combined in amounts
proportional to the individual thresholds (see
Appendix 1).

Figure 5 shows a plot of the threshold ratio
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Fig. 5. The interaction between density and luminance is
assessed by cvaluating the ratio of the cancellation phase
threshold (quadrants 2 and 4 of Fig. 3) to the summation
phase threshold (quadrants 1 and 3 of Fig. 3); this ratio is
plotted as a function of lattice spacing. The interaction
persists for dot spacing up to 24 min of arc. Error bars
represent +2 SEM, based on variability between sessions.
Subject D.LAM.

versus lattice spacing. Here we sec a fairly
gradual drop from a high ratio at small lattice
spacings to a value of I, consistent with inde-
pendent detection of brightness and  density
modulation at the largest spacing. The value of
I is not approached until the spacing reaches
48 min of arc. The fact that a significant inter-
action between density and luminance is still
oceurring; at a mean lattice spacing of 24 min is
roughly consistent with the results of Experi-
ment [, where the interaction scemed to vanish
at a spacing of 30min. Exacl agreement is
perhaps not to be expected given the differing
natures of the tasks in the two experiments: it is
possible that threshold for sceing density modu-
lation (as measured in Experiment I1) might be
affected by a physical luminance modulation
even in a lattice where density modulation did
not produce a change in the subjective bright-
ness of the dots.

FXPERIMENT Il

Introduction

Onc somewhat surprising result of Experi-
ment II was the equality of the thresholds for
luminance and density modulations (expressed
in terms of the amplitude of the fundamental
modulation component). This is surprising be-
causc there is evidence for an carly transduction
non-linearity, possibly in the photoreceptors
themselves (Boynton and Whitten, 1970; Mac-
Leod et al., 1985). If the intensities of individual
dots were first passed through a compressive
nonlinearity, the result should be sensitivity loss
for luminance modulation. Although one might
think that the small modulations at threshold
hold would be little affected by such a non-
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lincarity, it should be remembered that the
individual dots in Experiment 11 were at 100%
contrast with their dark background; the local
dot luminance was 9 times higher than the
overall mean luminance. Since each dot had a
luminance much higher that the space-average
mean luminance, any one would be expected to
produce a response near the end of the curve.
The differential response to small perturbations
of a dot’s luminance would be proportional to
the slopc of the response function. Density
modulation, on the other hand, affects the
space-average luminance through area sum-
mation, which is not affected by transduction
nonlincaritics. Thercforc we might expect to
find lower thresholds for density modulation
than for luminance modulation in denscly sam-
pled arrays. To test this hypothesis, Experiment
11 was repealed using a more flexible apparatus
that allowed the different stimulus parameters
to be manipulated with greater independence.

Procedure

The stimulus for Experiment I11 was similar
to that used in Experiment 11, but was gencrated
by computer to simplify modification of par-
ameters and allow a forced-choice method to
be used to estimate thresholds. Stimuli were
displayed on a cathode ray tube with P4 phos-
phor and hardware gamma correction {Hewlett-
Packard Model No. 1332A, options 604 and
215). The hardware gamma correction provided
good local linearity, but overall linearity cor-
rection was accomplished in software. A twelve
bit digital-to-analog converter (DAC) generated
voltages that were applied to the scope inputs.
Three sample-and-hold amplifiers combined
with a simple counter circuit allowed the single
DAC to control all three scope inputs (two
deflection or position inputs and z-axis or
brightness). The DAC was attached to a digital
computer (Digital Equipment Corp. PDP-
11/23) which ran the experimental programs.

The relation between the DAC setting and the
scope brightness was measured with a photo-
diode (United Detector Technologies PIN-10)
in conjunction with a current-to-voltage
amplifier. Quoted modulation values take ac-
count of the measured nonlinearity of the scope,
which was not pronounced in the range of
interest. Absolute measurements of the mean
luminance were made with another photometer
(EG&G model 450-1, equipped with multiprobe
550-2 and pulse integrator 550-3). The back-
ground was left “dark”™, so the contrast of
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individual dots was very close to 1.0, being
diminished only by small amounts of electron
scatter within the CRT, and intraocular light
scatter. All experiments were done with the
room lights off, to avoid reflections from the
scope face. The display had a mean luminance
of 16.6 candelas per meter squared, correspond-
ing to 68.6 microcandelas per dot.

Stimuli consisted of regular lattices of 1024
dots (a 32 x 32 array). From the viewing dis-
tance of two meters, the array subtended a
visual angle of 1.77 deg, with a corresponding
dot spacing of 3.4 min of arc. A change of one
least-significant-bit on the DAC generated a
positional displacement of 2sec of arc. Fifty
frames of cach stimulus were presented at a
refresh rate of 57 Hz, for a total stimulus du-
ration of 875 mscc. Each stimulus was preceded
by a fixation cross which appeared in the center
of the screen for 500 msec immediately pre-
ceding the stimulus. This served both to alert the
subject and to guide fixation and accommo-
dation.

Nonuniformily was introduced into the ar-
rays in one of four ways. The luminances of
individual dots could be modulated, always as a
one-dimensional sinusoidal function of posi-
tion. Alternatively, the positions could be mod-
ulated, resulting in a modulation of dot density
cqual to the spatial derivative of the position
modulation. Modulations of position and den-
sity could also be applied in conjunction, either
in similar phase (the denser dots being brighter)
or opposile phase (the denser dots being
dimmer).

On any given trial, the subjects’ task was to
report the orientation of the modulation, which
was chosen at random to be either horizontal or
vertical. Modulation amplitudes on successive
trials were determined in accordance with a
staircase procedure designed to concentrate the
trials about the amplitude corresponding to
71% correct. Bach staircase was governed by
the “2 to 1”7 rule; that is, the stimulus would be
made more detectable after each incorrect re-
sponse, whereas two consecutive correct re-
sponses were required to decrease the de-
tectability. Each run began with a preliminary
section during which the staircases used large
increments to rapidly home in on the threshold
level. The increment for cach staircase was
initially half of the range, and was decreased by
half after each staircase reversal. Data were not
recorded during this preliminary phase, which
terminated when all staircase increments had
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reached the minimum level (0.1 log units). Four
independent  staircases were randomly inter-
leaved in cach block.

Two spatial frequencies of modulation were
tested: 1.2 ¢/deg, for which two complete cycles
were visible, and 0.6 ¢/deg, for which only a
single cycle was visible. In order that the arrays
maintain a constant size for all amplitudes of
density modulation, the signal which modulated
the dot’s position was always applied in sine
phase. This ensured that no displacements were
ever applied to the dots at the edges of the
pattern. This also meant that the luminance
modulation was always applied in cosine phase,
with the dimmest dots at the edges for positive
modulation amplitudes, and the brightest dots
at the edges or negative amplitudes. Since only
a single grating bar was visible in the 0.6 ¢/deg
condition, it was considered desirable to test
both positive and negative modulations for this
spatial frequency.

Subjects were undergraduate students with
some prior experience at making psychophysical
judgments. All were naive with respect to the
purpose of the experiment. Thresholds were first
measured scparately for the two types of modu-
lation (luminance and density). Once these
thresholds were known, combined conditions
were constructed, with the ratio of luminance
modulation to density modulation in approxi-
matc proportion to their individual thresholds.
Subjects ran at at least three sessions per condi-
tion; the threshold estimate for each session was
based on either 200 trials (1.2 ¢/deg) or 100 trials
(0.6 ¢/deg). A normal ogive anchored to 50% at
x = 0 was fit to the observed probabilities using
a weighted least-squares regression. Thresholds
were estimated as the modulation amplitude for
which the fitted curve assumed a value of 0.75.

To fit the data, the observed probabilities of
correct response were first transformed to the
corresponding normal deviates (z-scores). (In
this representation, the normal ogive has the
form of a straight line.) To constrain the re-
gression line to pass through the origin, the
reflection through the origin of each point was
added to the data set. Ideally, ecach point should
have been assigned the following weight

o mexp(—z}

g

pil—=p)
where n; represents the number of observations
at the ith stimulus level, p; the true underlying
probability of correct response, and z; the
normal deviate corresponding to p,. These

s
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weights incorporate the fact that the observed
probabilities will be distributed about the true
underlying probability according to a binomial
distribution with variance proportional to
[p:(1 - p)]/n,. The exponential term corrects for
the fact that we arc fitting in z-score space,
although we want to minimize the squared
errors between the observed and estimated
probabilities. A derivation of these weights can
be found in McKee er al. (1985), who attribute
them to Finney (1971).

In practice, these weights cannot be calcu-
lated, since the true underlying probabilitics are
not known. An iterative procedure was adopted
to avoid this difficulty. On the first itcration, the
observed probabilitics were used in place of the
underlying probabilitics. The estimates of the
underlying probabilitics formed on the basis of
the first regression were used to compute the
weights for the sccond regression. This pro-
cedure was repeated until successive estimates
converged.

Results

Figures 6 and 7 show thresholds plotted in a
space where the horizontal axis represents am-
plitude of luminance modulation and the verti-
cal axis represents amplitude of density modu-
lation. Negative amplitudes indicate a phase
inversion of the dot modulation. The error bars
represent plus and minus two standard errors of
the mean based on variability between sessions.
Figures 6(a) to (c¢) show the results of three
subjects for a modulation frequency of
0.6 c/deg. At this spatial frequency, the screen
was filled by only a single modulation cycle, and
the luminance modulation thresholds show an
unexpected phase dependence, a luminance dec-
rement at the center of the screen (with an
increment at the edges) being much less de-
tectable than the reverse. This asymmetry may
be explained in terms of the hypothesized com-
pression of the responsc to the dots, if we
assume that the amount of compression is re-
lated to adaptational state, which might vary
across the stimulus fiecld. Because the area sur-
rounding the dot lattices was dark, the part of
the retina which viewed the stimuli was rela-
tively light adapted. Random variations in
fixation would blur the edges of the sensitivity
profile; since a bit of retina near the edge of the
stimulus area would sometimes be in light,
sometimes in dark, it would be less light-
adapted than if it were always covered by the
lattice, and would consequently be more apt to
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Fig. 6. Asin Fig. 3, thresholds for detecting modulation are
plotted in a two-dimensional space where the horizontal axis
represents luminance modulation (applied to the lattice
clements) and the vertical axis represents density modu-
lation of the lattice elements. The modulation frequency was
0.6 ¢/deg, for which only a single (cosine phase) cycle was
visible. Positive modulations represent the case where the
center bar had increased brightness |density]. Dot spacing
was 3.4 min of arc; error bars represent +2 SEM based on
variability between sessions. (a) Subject JLALV. (b) Subject
S.1.B. (¢) Subject D.D.D.

saturate in response to a small bright dot.
Regardless of the source, the asymmetry was
never enough to make the luminance modu-
lation threshold as low as the density threshold.
Although this asymmetry is most pronounced
for the casc of actual luminance modulation,
there is a hint of a smaller asymmetry in the
same direction for the density modulation. The
lack of a comparable cffect for density modu-
lation is also consistent with our explanation,
provided that the nonlincarity precedes the spa-
tial summation which we hypothesize to be
responsible for the illusory brightening due to

density mod.
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Fig. 7. Same as Fig. 6, but for a modulation frequency of

1.2 c/deg. Since more than one grating cycle was visible,

only four points were measured, which were reflected to

show the threshold contour. (a) Subject S.J.B. (b) Subject
D.D.D.

increased density. We suspect that the asym-
metry would be reduced if a larger display were
used which was capable of displaying more than
one grating cycle.

Several other points concerning the data in
Fig. 6 are noteworthy: first, the average thresh-
old for seeing luminance modulation is higher
(by almost a factor of 2) than that for secing
density modulation; unlike the results of Experi-
ment 11, these results are consistent with a
compressive nonlinearity in the transduction of
luminance. Secondly, modulations of luminance
and density combine additively in quadrants 1
and 3, just as we saw in Experiment II. In
quadrants 2 and 4, although we do not sce quite
as much actual cancellation as in Fig. 5, there is
still clear sub-additivity: the thresholds are
higher than what would be expected from inde-
pendent encoding of dot luminance and density.
Since the degree of cancellation was less than
was secen in Fig. 5, (i.e. the components of the
cancellation phase threshold stimulus were not
significantly above their individual thresholds),
it was thought that the optimal cancellation
phase stimulus would be one in which the
components were combined in proportion to
their thresholds, rather than to maintain a con-
stant space-average luminance. If we assume
that the individual component thresholds corre-
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spond to a single threshold brightness
difference, then making a cancellation phase
stimulus where the component amplitudes are
proportional to their thresholds should produce
a stimulus having non-uniform luminance, but
constant spacc-average brightness. Stimuli like
this augmented the basic stimulus sct for subject
DDD [Fig. 6(¢)]; no significant increase in the
degree of cancellation was obscrved.

Figures 7(a) and (7b) show similar results for
a modulation frequency of 1.2¢/deg. Because
more than a single grating cycle was present,
both phases (1.e. positive and negative modu-
lation amplitudes) were not actually tested; four
of the points are merely reflections of the other
four. For determination of the on-axis thresh-
olds, negative modulation amplitudes (bright
dots at cdges) were used to measure the
brightness-only thresholds, while positive modu-
lation (sparsc dots at edges) was used to
measure the density-only thresholds. For the
off-axis mcasurcments, negative amplitude
brightness modulation was combined with both
positive and negative amplitude density modu-
lations, with amplitudes proportional to the
individual thresholds. The results are quite sim-
ilar to those scen for the lower modulation
frequency, showing higher thresholds for lumi-
nance modulation relative to density modu-
lation, additivity in quadrants | and 3, and even
stronger cancellation in quadrants 2 and 4.
Discussion

The results of Experiment 1T have confirmed
the interaction of density and luminance at high
dot densitics; in addition, the relation between
thresholds for luminance and density modu-
lation separately has been interpreted as evi-
dence for a compressive nonlinearity in the
transduction of luminance. A likely reason that
the latter feature was not observed in the results
of Experiment 11 1s that the dots in Experiment
IT were dimmer by a factor of about 1.5]og
units.

EXPERIMENT 1V
Introduction

The results of Experiments I and 11 have been
seen to be consistent with a model of brightness
perception in which signals are gathered from a
region having a radius slightly less than half a
degree (the dot spacing at which interactions of
density and brightness vanish). Experiment 1V
was performed to determine whether this spatial
integration is simply summation over all space,

or whether it is a more complicated integration
of strictly figural properties, i.e. a weighted sum
which includes the dot luminances, but not light
from the surrounding arca. This idea was sug-
gested by an incidental observation in the ex-
periments already described: increasing the local
dot density can increase the subjective bright-
ness of dots, but does not cause a dark back-
ground to appear subjectively lighter, implying
that a separate brightness signal is needed to
represent the level of the background. If the
brightness at any point (in the background)
werc influenced similarly to that of the dots by
the local space-average luminance at that point,
then the dark background should appear
brighter in a region populated with more dots.
The fact that the (black) background does not
appear lighter in regions of increased dot den-
sity suggests that separate signals are used to
encode the brightnesses of the dots and their
surround. Since the brightness of the surround
seems unaffected by the luminances of the dots,
we wondered whether the brightnesses of the
dots would be similarly unaffected by modu-
lations of the surround luminance.

We sought to answer this question by asking
observers to detect luminance modulation in a
regular lattice of dots where the modulation was
applied either to the dots alone, to the dot
surround alone, or to both the dots and the
surround, in the same or opposite relative spa-
tial phase. If observers could discount the local
level of the background and base their judge-
ments solely on the luminance of individual
dots, or perhaps local dot contrast, then we
would expect that having the background mod-
ulated in the opposite phase from the dots
would maintain or improve sensitivity. Back-
ground modulations in the same phase should
have no effect if dot luminance alone is relevant,
or a small inhibitory effect if local dot contrast
is important. If, on the other hand, observers do
this task simply by detecting the Fourier com-
ponent at the modulation frequency, then we
expect in-phase dot and background modu-
lations to combine additively to determine
threshold; dot and background modulations
that are out-of-phase, with amplitudes in the
ratio producing no net energy at the funda-
mental, should produce large threshold el-
evations.

Stimuli were produced on a color monitor
(Tektronix model 690SR), which received video
signals from a graphics terminal (Advanced
Electronic Devices model 767), which in turn



514

was controlled by computer (Digital Equipment
Corp. PDP 11/23). The display was viewed at a
distance of 3m, from which distance it sub-
tended 4 deg of visual angle. The graphics unit
provided 8 bit digital-to-analog converters
(DAC’s) for cach phosphor. The 24 bit DAC
programming values were stored in a hardware
lookup table having 256 cntries; this table was
addressed by the 8 bit pixel values. Thus, al-
though the displayed colors could be chosen
from a sct of some 16 million distinct shades
(distinct Lo the program at least), only 256 of
these could be displayed simultancously, due to
the size of the pixel word and lookup table. The
hardware limitation to a palette of 256 or fewer
“colors” did not affect the display of the stimuli
in these cxperiments, since the patierns were
modulated in only one dimension and were
periodic.

In order to decreasc the digital quantization
errors in the rendering of the luminance profile,
which were limited by the video digital-to-
analog converter resolution (8 bits per phos-
phor), the display was viewed through a red
filter (a double-density of Kodak Wratten No.
26). This filter had the effect of sclectively
attenuating the light from the green phosphor,
and making it approximately the same reddish
color as the light from the red phosphor; the
smallest test modulations could therefore be
produced by varying the output of the green
phosphor, with a high contrast background
modulation provided by light from the red
phosphor. In general, the size of the chromatic
artifact introduced by this technique depends on
the spectral transmission of the viewing filter.
The particular case of these phosphors and filter
has been quantitatively analysed by Mulligan
(1986). Brictly, since the No. 26 filter has a
rather sharp cutoff in the red, the chromaticity
of the light from the green phosphor is not much
different from that of the red (CIE coordinates
x =0.693, y =0.306 for the red, x =0.669,
y = 0.330 for the green, for a single density of
Wratten No. 26). In this situation, chromatic
differences arc visible only between mixtures
containing very little light from thc red phos-
phor (since the red light will dominate the
filtered mixture). This was never the case for the
low-contrast threshold stimuli. Furthermore,
the green phosphor was not used to create all of
the modulation, but merely a fine correction to
the luminance produced by the red phosphor.

The dots had a mean luminance of 20 cd/m”.
The mean background luminance was one tenth
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of this. Since the background occupied 8 times
as much area as the dots, the modulation ampli-
tude of the background was reduced by a factor
of § relative to the amplitude of the dot modu-
lation in the combined cases. However, since the
background mecan luminance was lower by a
factor of ten, the contrust of the background
grating was actually 10/8 or 1.25 times higher
than the dot grating having the same power at
the modulation frequency.

Individual dots were larger than those used in
the preceding cxperiments, and were not in
general spatially uniform. The area of cach dot
was effectively a window through which a con-
tinuous grating was seen. An independent gra-
ting was windowed by the area surrounding the
dots. Each stimulus presentation was preceded

by the appearance of a fixation cross in the

center of the screen and an auditory signal, The
fixation target consisted of a small bright cross
on a dark field slightly larger than the cross,
embedded in a surround having the same mean
luminance as the stimulus background. The
fixation stimulus was visible for 500 msec, and
was immediately followed by the stimulus which
was displayed for 125 msec. Following the stim-
ulus the screen displayed a uniform field with a
luminance equal to the space-average luminance
of background.

Thresholds were determined by having sub-
jects discriminate between vertical and horizon-
tal modulations. Subjects were shown a single
stimulus and had to report the orientation,
which was chosen at random. Modulation levels
for successive trials were determined in accord-
ance with a staircase procedure. Two staircases
were randomly interleaved for each condition to
minimize the amount of « priori information
available to the subjects about the presentation
for any given trial. The orientation of the mod-
ulation was chosen at random for each trial.
Thresholds were estimated from the raw data
using the same curve fitting procedure as in
Experiment 111

Different modulation frequencies and dot
spacings were run in different blocks of trials.
The blocks for the different conditions were
randomly interleaved, and each of the two
subjects ran three blocks for cach condition.
Thresholds were measured for three modulation
frequencies (0.625, 1.25, and 2.5 ¢/deg), each at
three dot spacings (3, 6 and 12 min of arc). The
two subjects werc both cxperienced psycho-
physical observers; only subject KFP was naive
concerning the purposes of the experiments.
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Fig. 8. Modulation thresholds plotted in a space where

the horizontal axis represents amplitude of modulation
applicd 1o dots, and the vertical axis represents amplitude
of modulation applied to the background. Mcean back-
ground luminance was one tenth that of the dots, but the
background occupied eight times the area of the dots. Axes
are normalized 1o reflect arca-weighted amplitude of the
modulation. Dot spacing was 3min of arc, modulation
frequency 0.625 ¢/deg. Error bars represent +2 SEM based
on variability between sessions. (a) Subject K.F.P. (b)
Subject J.B.M.

Results

Data are shown in Figs 8§ 11. Thresholds are
plotted in a space where the horizontal axis
represents the amplitude of the dot modulation,
and the vertical axis the surround modulation.
The axes have been normalized to represent
equal arca-weighted amplitudes of modulation;
a dot modulation of | means that the dot
luminance varied from zero to twice the mean
dot luminance. The background modulations
have been equated with the dot modulations on
the basis of Fourier fundamental amplitude. In
all cases except the Nyquist case, this is approxi-
mately cquivalent to defining background modu-
lation x as having a mean-to-peak amplitude
0.125 times the amplitude of a dot modulation
of x, since the background occupied 8 times as
much area as the dots. When sampling at the
Nyquist rate the power in the sampled wave-
form depends on the placement of the samples.
In our display the samples fell at the peak and
trough of the sampled waveform, with the result
that the amplitude of the Fourier fundamental

bg. mod.
T°2 KFP
spacing = 12 min.
SF = .625 cpd
AT
[E——, -+—— dot mod.
-0.2 S 0.2
R
-L—-O.Z
(a)
bg. mod.
T“ JBM
spacing = 12 min.
SF = .625 cpd
4.1
TR
— i + { dot mod.
-0.2 Rl 0.2
T4
102
(b)

Fig. 9. Same as Fig. 8, but for a dot spacing of 12 min. (a)
Subject K.F.P. (b) Subject J.B.M.

is increased by a factor close to 2 (see Appendix
I1). Because the background was a factor of 10
dimmer than the dots, the largest background
modulation that was possible was 0.8.

Figure 8(a) and (b) show two subjects’ thresh-
olds for a lattice of high density (3 min element

spacing) and a modulation frequency of
bg. mod.
T2 KFP
/\ spacing = 3 min.
SF = 2.5 cpd
= - — dot mod.
-0.2 + 0.2
Loz
(@)
bg. mod.
\ 0.3 JBM
’ spaclng = 3 min.
SF = 2.5 cpd
‘r i | dot mod.
-0.3 r 0.3

—+-0.3

(b

Fig. 10. Same as Fig. 8, but for a modulation frequency of
2.5 ¢/deg. (a) Subject K.F.P. (b) Subject J.B.M.
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Fig. 11. Same as Fig. 10, but for a dot spacing of 12 min.
(a) Subject K. 12.P. (b) Subject J.B.M.

0.625 c/deg. We observe that the threshold, with
the appropriate scaling, is roughly independent
of whether the modulation is applied to the dots
or to the background. When the modulation is
applied in the same phase to both the dots and
the background (quadrants | and 3), threshold
is well-predicted on the basis of the amplitude of
the Fourier component at the moduation fre-
quency in the image; that is, the data points fall
on lines of negative unity slope. When the
modulations are applied in cancelling phase
(quadrants 2 and 4), threshold is greatly el-
evated; since there is no cnergy at the funda-
mental in this case, subjects are detecting a
variation in the local dot contrast, but the fact
that their threshold is several times higher than
the others suggests that in the other cases local
dot contrast is irrelevant, and that it is the
Fouricr component at the modulation fre-
quency that mediates detection.

Figures 9(a) and (b) show analogous results
for a dot spacing of 12 min. Subject KFP [Fig.
9(a) now shows an clevation of thresholds for
dot modulation compared to background mod-
ulation, similar to the results of Mulligan and
MacLeod (1984). The thresholds for the com-
bined conditions now show much less of a
difference. Although the thresholds in quad-
rants 2 and 4 are still slightly higher than those
in quadrants | and 3, all may be predicted fairly
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well on the basis of the amplitude of the back-
ground component. Subject J.B.M. [Fig. 9(b)]
shows less of an elevation for the dot modu-
lation only condition, and more residual asym-
metry in the oblique thresholds.

Results for a modulation frequency of
2.5 ¢/deg are shown in Figs 10 and 11. For a dot
spacing of 3 min [Fig. 10(a) and (b)] the cHiptical
threshold contours arc even more eccentric than
thosc for the lower modulation frequency.
When the dot spacing is increased to 12 min of
arc (so that sampling is at the Nyquist rate of
two samples per cycle) the effect of this is as
much as at 0.625c/deg: subject K.F.P. [Fig.
11(a)] shows a large increase in the dot modu-
lation thresholds, and the thresholds for the
oblique conditions can be predicted on the basis
of the amplitude of the background component.
The results for subject J.B.M. [Fig. 11(b)] are
qualitatively similar, but less pronounced.
Discussion

These results show that under these condi-
tions observers are most sensitive to the ampli-
tude of the fundamental component of lumi-
nance, and relatively insensitive to changes in
the local dot contrast. They also refute our
initial conjecture that spatial integration of
brightness signals occurred independently for
the dots and the surround, for if that were true
the threshold for the cancellation phase condi-
tion would not show a large elevation, since the
brightnesses of individual dots would be
unaffected by modulation of the surround.

As has been noted elsewhere (Mulligan and
Macleod, 1984; Nothdurft, 1985), thresholds
for coarsely sampled modulation (dot modu-
lation with large dot spacings) arc greatly cl-
evated compared to those obtained with fine
sampling or continuous field stimulation;
thresholds for surround modulation, on the
other hand, are rclatively unaffected by the
spacing of the superimposed dots. In the present
case, the frequency components added by the
sampling operation are approximately equal
regardless of whether a given small modulation
is applied to the dots or the surround (see
Appendix). In light of this, the result that the
two types of stimuli produce different threshold
elevations supports the claim of Mulligan and
MacLeod that the elevation for dot modulation
under coarse sampling is not just a case of
masking by the frequency components in the
sampling lattice. Any model in which detection
or discrimination depends on the power spectra
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Fig. 12. Similar to Figs 9 and 11, but for a background
having the same mean luminance as the dots. Dot
spacing 12min  of arc, subject K.FP. (a) Modul-
ation  frequency - 0.625¢/deg.  (b)  Modulation  fre-

quency - 2.5 ¢/deg.

of the images predicts similar thresholds in the
two cascs, and is therefore contradicted by the
results.

Why is the threshold higher for modulation of
the dots only than for modulation of the back-
ground only? One interpretation is that the
modulation is attenuated at an early stage by
saturation of spatially-opponent units. To test
this idea, Experiment 1V was repeated, but with
a background having a luminance matched to
the space-average luminance of the dots. If the
coarscly spaced dots are saturating spatially-
opponent units because of a lack of surround
stimulation from the dark background, then
using an cquiluminous surround should restore
the units’ sensitivity by restoring the surround
input.

The results of this modified experiment arc
shown in  Fig. 12(a) (modulation fre-
quency = 0.625¢/deg) and 12(b) (modulation
frequency = 2.5 ¢/deg), both for a dot spacing of
12 min (the spacing for which the thresholds for
dot and background modulation were the most
different). As in the case of equal luminance, we
sce summation in quadrants 1 and 3, and even
greater cancellation in quadrants 2 and 4 [com-
pare with Figs 9(a) and 11(a)]. The approximate
equality of the thresholds for the background

and dot modulations under these conditions is
consistent with the hypothesis of saturation of
spatially-opponent nerurons when the back-
ground is dark or comparatively dim, since
making the surround equituminant would sensi-
tize units saturated by the spots on the dark
surround.

GENERAL DISCUSSION

A number of experiments have becn described
in this paper which suggest that there is a
summation arca for brightness having a di-
amecter slightly less than 1 deg. The observation
made in Experiment I, that the brightness in-
crease caused by increasing dot density seems to
be confined to the dots, caused us to believe that
this integration might occur independently for
figurc and ground; the results of Experiment 1V,
however, showing that dot and surround modu-
lations cancel cach other for small dot spacings
refuted this conjecture.

In Experiment 1V a saturating nonlinearity in
a spatially-opponent mechanism has been sug-
gested as the causc of insensitivity to luminance
modulation of discrete dots. With that idea in
mind, it seems paradoxical that in dense dot
arrays, increasing the dot density makes dots
appear brighter; one might suppose that the
primary cflfect of increasing the dot density
would be to increase surround stimulation,
thereby lowering net excitation. Sensitization
experiments (Westheimer, 1967) suggest that in
the central fovea receptive field centers have
diameters of only a few minutes of arc, and
inhibitory surrounds have diameters of about
10--15 min of arc; the results of Experiments [
and I1, however, demonstrate summation over a
much larger area. It is obvious that the two sets
of results cannot be duc to the same neural
mechanisms. An interesting question to which
an answer is not yct forthcoming 1s whether the
relevant mechanisms are located at different
stages in a single pathway, or reflect the exist-
ence of complctely separate (parallel) pathways
or channcls. However, spatial integration of
brightness signals cannot occur before the separ-
ation from signals used for the extraction of
individual dot contours, since the dots can be
sharply resolved even when their brightnesses
interact.

In conclusion, we have observed effects where
the brightness of distinctly resolved elements are
affected by the positions of nearby elements.
The results are consistent with a model where
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brightness signals are integrated over an area
slightly under a degree in diameter, a size which
18 different from that implicd by the outwardly
similar phenomenon of assimilation. Dramatic
decreases in sensitivity in sparse dot arrays are
consistent with an early compressive non-
linearity, possibly in the photoreceptors them-
selves. As would be expected from such a model,
sensitivity to luminance differences between
distinct clements depends on their spacing, as
well as on the spatial scale of the luminance
modulation.
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APPENDIX [

Derivation of Predicted Threshold Decrease for Independent

Encoding of Luminance and Density
We assume that the stimuli of Experiment 1T are represented
in a perceptual space whose dimensions are local dot
luminance and local dot density. We also assume that these
dimensions are independent, and that the response to a
particular component of a given stimulus is normally dis-
tributed about a mean which is proportional to the stimulus
level, and with constant variance. We analyse the detection
of such stimuli using the framework of signal-detection
theory (Green and Swets, 1974); that is, the detection
thresholds will be assumed to correspond to some criterion
separation of the responsc distributions for the signal-
present and signal-absent cascs.

Let us begin by normalizing the units of luminance and
density modulation so that cach has a value of 1 at
threshold. This has the effect of equalizing the variances of
the response distributions in the two dimensions. We can
represent the response space by a coordinate system where
the x-axis represents luminance modulation and the y-axis
represents  density modulation. The distribution of re-
sponses corresponding to no modulation is centered at the
origin. Since the units have been scaled to equate the
variances in the two dimensions, this distribution is simply
a circularly symmetric unit variance Gaussian. Applying
modulation has the cffect of shifting this distribution away
from the origin. The detectability, ¢, is proportional to the
shift and is constant (independent of dircction) at threshold.

Now, for combination stimuli where the two components
of the modulation are combined in amounts proportional to
the individual thresholds, the response distributions will fall
on the line through the origin with slope 1. How far out
must we go to reach threshold? Since we have normalized
the units so that the Gaussian distributions are circularly
symmetric, the value of d” will depend only on the distance
between the distribution centers. Since thresholds for the
individual thresholds have center separations of 1 (by our
choice of units), we seek a point on the line of slope 1 that
is exactly onc unit from the origin: this is the point whosc
coordinates are (ﬁ/2~\/2/2). Thus, for the combined
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threshold, the individual components have an amplitude a
factor of \/2 below their individual thresholds. Q.E.D.

APPENDIX 11

Frequencey Analysis for Sumple and Background
Modulations

One-dimensional case. In this appendix we will analyse the
spectral content of sample arrays where modulation is
applied to either the samples themselves, or to the back-
ground. For simplicity, we will first analyse the one-
dimensional case. Let the sampling function in onc dimen-
sion be represented by s,(v). Let S (o) represent the Fourier

transform of s (x). The luminance profile of an array of

uniform samples having luminance /, on a surround or
background having luminance /1, can be written

fy(x) s ().

Now, let us add some modulation at spatial frequency
to the samples:

Ls(x) + 41

L) L (o)L Coeostog )|+ LI s (3)). (1)
The Fourier transtform of /(x), which we shall refer to as
1. (), can be expressed

L) LS ()*o(w) ‘[('\(5(0) )

§ O b w)] o) 1S (o).

L,3() 4 (L, 1)S@) 4V LC S0 wy)
FULC S0 4 wy). (2)
We may similarly consider modulating the background:
h(x) SO Creos(mgx)],  (3)
1) Si()]

)+ Cudlo + wy).

L)yt L)L
LSe) + Lfo(m)
o)+ Cydlm
L) 4 UL 1)) 4)
FLCuld (e )]

S +wy)).

wy) - Si(w
+ ,Iv[h('\.[‘)-(“’ by )

Let us consider the values of 1, and 1, at the modulation

frequency, oy
Lwy) = LCS0)+ 11,08, (2my).
Li{y)

We want 1o normalize ¢ relative to () so that the two
stimuli have the same amplitude of the modulation funda-

LG SO LGS Q).

mental frequency, oy, By ecquating the expressions for
L(w,) and Ly (), we obtain the following expression for
the ratio of the contrasts

CoL T S(0) 8 (20)

; . ! (5)
L S0+ 5,(2m,)

Note that for sampling frequencies above the Nyquist limit,
S1(2wy) — 0. For the sampling signals consisting of unity
height pulses, $,(0) is simply the duty cycle of the pulses;
thus the quotient on the far right represents the ratios of the
areas occupied by the sumples and the background (with a
correction when sampling at the Nyquist frequency); to
simplify notation we will represent this quantity by the
symbol k

bs
L= 54(0) = 5,(2a)
mTS0) + 5,2y
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We now would like to know what are the relative ampli-
tudes of frequency components other than the modulation
fundamental after this normalization. We substitute the
value of C, from equation (5) into equation (2)

L(w) = L5(w)+ U, — §)S(w)
+ 2k By Co Sy (0 — @) + 1k £y CL S (0 + ay).

Comparison of equations (4) and (5) shows that the two
spectra receive the same direct contributions from the
sampling lattice (which do not depend on the modulation
contrast); the replicas of the sampling spectrum which are
frequency-shifted by the modulation frequency have op-
posite relative phases in the two stimuli, however. The
amplitudes of these sidebands are proportional to the
modulation contrast, and are equal only when A, = [.

We may subtract equation (4) to find the difference energy

L)~ Ly(w) =1, Colky, + DS)(w

wy)
+ 3, Clhyy + DS + o).

Two-dimensional case. The above analysis can be gener-
alized to two dimensions as follows: for a regular square
lattice of samples, the two-dimensional sampling function,
$5(x, ), can be simply expressed as the product of two one
dimensional functions

$5(x, p) = 808 (y),s

with S,(w,, w,} representing the Fourier transform of
$5(x,y)

Sy{w,, o) = S\(@)*S\(w,).

The definition of the two-dimensional sampled grating is
similar to equation (1)

L(x, p) = £osy00 p )L+ Ceosmgx)] + L1 = 5,0x p))-
Similarly
hix,y) = 18,(x, ) + T [1 = 5,0 p)]LL + Cpeos(mgx)].

By following the same development as in the one-
dimensional case, it is casy to show that

Loy, ) Lo, o) = él,,(,'h(k,“ + DSy, — @y, )

+ ;lh Colky, + 1S, (0, + @y, ),
where

|- 8,0, 0) - S,(2e,, 0)

T 8,(0,0) + 5,20, 0)

Since 5,(0,0) = [S(O)]°, the numerical value of k,, is
larger in the two-dimensional case; in the present experi-
ments, where the duty cycle in onc dimension was 1/3,
ky =8 when sampling above the Nyquist frequency. Al-
though this suggests a large difference between the two
casces, it should be remembered that the aliased replicas of
the sampling spectrum are attenuated by the modulation
contrast; additionally, they are weighted by I, the back-
ground luminance. The magnitude of the unaliased spec-
trum, on the other hand, does not depend on the modu-
lation contrast, and is weighted by (/,—1,). When the
background luminance is small compared to the sample
luminance, the contrasts of the aliased components will be
ncgligible compared to that of the unaliased components,
even when threshold is maximally elevated. The asymmetry
does become important when /[, = I, as in the final phase of
Experiment 1V (Fig. 12).





